ABSTRACT: It is known that hydrogen peroxide interferes with chemical oxygen demand analysis by consuming oxidation agents such as potassium dichromate, thus leading to overestimation of the chemical oxygen demand measurements. The objective of the study was to investigate the effects of hydrogen peroxide interference and to determine true chemical oxygen demand values on interpreting treatment performance during ozone-based advanced oxidation of livestock wastewater in which hydrogen peroxide concentration and chemical oxygen demand values are dynamically changing. According to the chemical oxygen demand monitoring data, chemical oxygen demand values were always higher than the initial chemical oxygen demand load when hydrogen peroxide was involved and the treatment performance with ozone alone or ozone/ultraviolet was better than with coupled hydrogen peroxide. The extent of overestimation was proportional to the remaining hydrogen peroxide concentration and the average overestimation ratio in livestock wastewater was in the range of 0.50~0.58 mg per 1 mg of hydrogen peroxide, depending upon the quality of the wastewater treated. True chemical oxygen demand values were estimated by correlating the extent of overestimation with the remaining hydrogen peroxide concentration during treatment. The extent of overestimation decreased to zero gradually as the amount of hydrogen peroxide also approached zero as oxidation proceeded. The corrected chemical oxygen demand values indicated underlying tendency of oxidation, which could not be seen in the original chemical oxygen demand monitoring data. Application of ozone/hydrogen peroxide was more efficient for reducing chemical oxygen demand than ozone alone, as was ozone/hydrogen peroxide/ultraviolet compared to ozone/ultraviolet. When coupled with ozone, ultraviolet irradiation was more efficient than hydrogen peroxide for decreasing chemical oxygen demand during treatment of livestock wastewater.
INTRODUCTION
Proper treatment of livestock wastewater is important due to its high strength loads of organic compounds, although the amount is relatively small compared to municipal wastewater and other industrial wastewaters (Juang et al., 2009) . Some organic constituents of livestock wastewater are very persistent, often remaining even after a series of biological treatments (Adams et al., 2009) . Chemical oxidation process using strong oxidation agents is a good option for removing non-biodegradable organic compounds from biologically-treated effluent (Oeller and Demel, 1997; Arslan and Balcioglu, 2001; Yasar et al., 2007; Tambosi et al., 2009) . As a chemical oxidation agent, ozone (O 3 ) can effectively remove both color and odor from water and gas stream (Barker and Jones, 1988; Sauze et al., 1991; Tosik and Wiktorowski, 2001; Gharbani et al., 2008; Oneby et al., 2010) and it produces less byproducts compared to chlorine-based oxidation (Richardson et al., 1999; Kleiser and Frimmel, 2000; Rakness, 2005) . However, ozone alone is less effective for general chemical oxygen demand (COD) removal because its degradation of carbon-carbon covalent bonds is not that high (Hoigne and Bader, 1983; Fronk, 1987; Barker and Jones, 1988; Langlais et al., 1991) . Therefore, application of ozone is often coupled with hydrogen peroxide (H 2 O 2 ) or ultraviolet (UV) irradiation in order to utilize radical oxidation, which ultimately results in increased removal of non-biodegradable COD and color (Legrini et al., 1993; Oeller et al., 1997; Tosik and Wiktorowski, 2001; Gunten, 2003; Samarghandi et al., 2007) . COD is a major indicator of the extent of organic compound removal. The most widely used method for COD analysis is the closed reflux, colorimetric meth od with potassium dichromate (K 2 Cr 2 O 7 ) as an oxidation agent, as well described in Standard Methods (APHA et al., 2005) . In order to obtain consistent results from person to person, using different equipment and in various lab environments, many people use a pre-formulated commercial reagent mixture for rapid COD analysis.
It is known that some inorganic species including chlorides and nitrites interfere with COD analysis, which consumes potassium dichromate. Significant levels of inorganic species such as ferrous iron, sulfide, and manganese can also cause inaccuracies in the COD analysis. Confusion in interpreting the COD results due to AOHAinterference by certain components can be avoided through the addition of specific reagents (Baumann, 1974; Vaidya, et al., 1997; Domini et al., 2006; APHA et al., 2005) . However, if no appropriate prevention measures can be taken, the obtained monitoring results should be corrected by determining the extent of interference.
Hydrogen peroxide is often used in advanced oxidation processes (AOP) alone or together with other agents such as ozone and UV. It is well known that H 2 O 2 interferes with COD analysis by consuming oxidation agents such as K 2 Cr 2 O 7 , thus leading to overestimation of the COD measurements. Talinli and Anderson (1992) , Kuo (1992) and Kang et al. (1999) 
MATERIALS AND METHODS

Livestock wastewater
A sample of fresh livestock wastewater was collected from anaerobic digestion effluent obtained from a local piggery farm in Ansung, Korea, followed by storage at 4 °C to minimize substrate decomposition. Solid-liquid separation for the livestock wastewater was conducted by centrifugation. The obtained supernatant was used in the oxidation experiments after proper dilution. The characteristics of the wastewater are summarized in Table 1 .
Advance oxidation experiments
A closed, cylindrical acrylic reactor with a total volume of 1.2 L (height, 43 cm; diameter, 6 cm) was used in the ozone experiments. A water jacket was installed outside of the reactor in order to circulate water and keep the reactor at room t e m p e r a t u r e ( 2 0°C ). A porous diffuser placed at the bottom of the reactor transferred ozone gas into aqueous solution, and a 15 W mercury low-pressure ultraviolet lamp (LPUV) was placed vertically in the center of the reactor ( Fig. 1 ) to keep irradiation distance within 4 cm. The reactor was filled with one liter working volume of diluted livestock wastewater. Advanced oxidation was performed with ozone alone and three combinations of oxidation agents (O 3 /H 2 O 2 , O 3 /UV and O 3 /H 2 O 2 /UV). Ozone was generated from dried pure oxygen using an ozone generator (Ozonetech, Korea), which can produce a maximum of 11.2 g/h of ozone.
Ozone gas was fed to the oxidation reactor at the rate of 1.53 g/h. The administered dose of hydrogen peroxide (H 2 O 2 , guaranteed reagent grade, Showa Chemical) was in the range of 0~200 mg/L.
Estimation of H 2 O 2 interference on COD analysis
To quantitate H 2 O 2 interference during COD analysis, the extent of COD overestimation was determined along with its correlation with the H 2 O 2 concentration. The livestock wastewater samples containing 100 ~ 800 mg/L of COD were prepared through serial dilution. Different concentrations of H 2 O 2 were added to individual wastewater samples, each having a specific COD value. COD was measured immediately after the addition of H 2 O 2 to the completely-mixed state, followed by comparison with the COD value with no H 2 O 2 .
To confirm that H 2 O 2 has the same effect in other solutions, similar experiments were carried out using a solution of potassium hydrogen phthalate (KHP). KHP is often used as a standard analyte for COD analysis; 1 mg of KHP has a theoretical COD value of 1.177 mg (Vaidya et al., 1997; Domini et al., 2006) . To make standard solutions for COD analysis, different amounts of KHP (Sigma-Aldrich) were dissolved in distilled water. Various concentrations of H 2 O 2 were then added to the KHP solutions, after which COD was immediately determined. Based on the results of the above experiments, the extent of COD overestimation (∆COD) per unit of H 2 O 2 could be determined. During oxidation of livestock wastewater, the true COD values were determined by analyzing the H 2 O 2 
Analytical methods
The COD analysis was performed using a single lot of premixed digestion solution containing K 2 Cr 2 O 7 as an oxidation agent along with other reagents (HACH COD Digestion Kit, Cat. No. 21259-15). The analysis was conducted according to the manufacturer's instructions with HACH DR4000 spectrophotometer (HACH, 2009 ). The quality of the raw livestock wastewater sample was analyzed according to the Standard Methods (APHA et al., 2005) . For color value, the optical density at 400 nm was measured using a UV-Vis spectrophotometer by following the platinumcobalt standard method. The Indigo method was used in order to monitor the dissolved ozone concentration (Bader and Hoigne, 1981) . H 2 O 2 concentration was determined by the DMP (2, 9-dimethyl-1,10-phenanthroline) method (Kosaka et al., 1998) . (Gunten, 2003; Rosenfeldt et al., 2006; Tizaoui et al., 2007; Wu et al., 2007; Bandyopadhyay and Chattopadhyay, 2007; El Diwani et al., 2009) . Therefore, these abnormal results could be due to interference by H 2 O 2 since overestimation was not observed during treatment with ozone alone or O 3 /UV.
RESULTS AND DISCUSSION
Error in livestock wastewater COD values due to H 2 O 2
To confirm the existence and extent of H 2 O 2 interference on the COD values, COD analysis was performed using different concentrations of H 2 O 2 . Fig. 3 The theoretical COD value for 1 g of H 2 O 2 based upon Eq (1) is 470.6 mg, which makes the COD overestimation ratio 0.47 mg/L of ∆COD per mg of H 2 O 2 . The ratio (0.52) shown in Fig. 3 is a little higher than the theoretical one. The difference could be due to the premixed COD analysis kit. Several of the HACH mixtures used in this study consistently resulted in COD values that are 9~14 % higher than the theoretical COD values, which were calculated based upon the complete oxidation of potassium hydrogen phthalate (KHP), a standard analyte for COD analysis, in clean water samples. The extent of COD overestimation during the early stage of oxidation (0~10 min) by O 3 / H 2 O 2 (∇) and O 3 /UV/H 2 O 2 ( ) was approximately 24~26 mg/L (Fig. 2) , which corresponds well to that in the Int. J. Environ. Sci. Tech., 8 (2), 381-388, Spring 2011 presence of 50 mg/L of H 2 O 2 (Fig. 3) . These results imply that the data in Fig. 2 Th e exten t of COD over estimation was proportional to the H 2 O 2 concentration (Fig. 3) . This was confirmed by measuring the COD value of the KHP solutions. KHP is often used as a standard COD analyte because it is completely oxidized by standard COD analysis; 1 mg of KHP normally has a theoretical COD value of 1.177 mg. Fronk, 1987; Gunten, 2003; Rosenfeldt et al., 2006; Kwon et al., 2009) . Similar approach has been used to the treatment of industrial wastewaters using H 2 O 2 alone (Zak, 2008) . Fig. 5 shows the change in residual H 2 O 2 concentration during oxidation as well as any corresponding changes in ∆COD, which were estimated based upon the results of Fig. 3 . The H 2 O 2 concentration decreased from 50 mg/L to zero due to oxidation and/or conversion into hydroxyl radicals in the presence of ozone or UV. Consequently, ∆COD decreased gradually from 27 mg/L to zero as the amount of H 2 O 2 also approached zero. Fig. 6 shows the true COD values obtained by subtracting ∆COD (Fig. 5b ) from the measured COD values (Fig. 2) . If we compare the measured COD values (Fig. 2) to their corresponding correct ones (Fig. 6) , overestimation between 0 ~ 10 min 
